Here, we investigate the relationships among teloand endogenous hTERT from HeLa cell lysates retain assayable telomerase activity ( Figure 1D ), indicating that mere attrition, telomerase activity, and the timing of replicative senescence in human cells. To facilitate these the 2C4 mAb recognizes enzymatically active telomerase. studies, we have developed a monoclonal antibody failed to alter telomerase expression or function ( Figures  2A and 2B ). Using these cell lines, we performed indirect immunofluorescence (IIF) with the 2C4 mAb and identified readily detectable hTERT expression in HeLa cells expressing a p53-specific shRNA ( Figure 2C ). Importantly, the immunofluorescent signal identified by the 2C4 mAb was nearly completely abrogated in HeLa cells expressing the hTERT-specific shRNA ( Figure 2C ). Together, these observations indicate the 2C4 mAb recognizes hTERT. We also analyzed asynchronously dividing, early passage human cells that have been reported to lack detect- and a mAb that recognizes the proliferating cell nuclear antigen (PCNA) ( Figures 3E, 3H, 3K, and 3N ) under conditions where there was no crossreactivity between the Although the 2C4 mAb recognized hTERT in immunoblotting and IP, we further determined the specificity secondary antibodies (Supplemental Figure S2) . In both BJ and WI-38 fibroblasts, we found that the 2C4 mAb of the 2C4 mAb by developing cell lines in which hTERT expression was suppressed by the introduction of a and the PCNA-specific antibody identified the same cells ( Figures 3F, 3I (Figure 2A ) and aboltreated with agents, which prevent entrance into S phase or halt further progression of those cells already ished telomerase enzymatic function ( Figure 2B ). In contrast, a control vector carrying a p53-specific shRNA in S phase (such as aphidicolin, hydroxyurea, and thymi- To determine with greater precision the schedule of pression of hTERT corresponded temporally with the entrance and transit of a large percentage of these synhTERT expression during the cell cycle, we monitored hTERT expression in synchronized BJ fibroblasts. When chronized cells through S phase. At the end of S phase, we were no longer able to detect hTERT mRNA and cells were synchronized by serum starvation followed protein expression. In contrast, in several immortal cell PD (PD34 overall), respectively ( Figure 6B ). In contrast, BJ or WI-38 cells expressing a p53-specific shRNA conlines, hTERT mRNA expression and hTERT protein were tinued to proliferate, even when cells expressing a conconstitutively expressed after treatment with several cell trol vector entered senescence (Figures 6A and 6B), cycle blockers (data not shown).
Expression of hTERT in Normal and
confirming that expression of shRNA alone fails to inTo ascertain whether this upregulation of hTERT in S duce a growth arrest. At the time that they stopped phase led to the formation of functional telomerase, dividing, fibroblasts expressing either the DN-hTERT or we synchronized human fibroblasts and then performed the hTERT-specific shRNA exhibited a vacuolated, flattelomerase activity assays on whole-cell lysates and on tened morphology compared to that of control cells and immune complexes formed with the 2C4 mAb (Figure failed to achieve confluence, even after several weeks 4E). Even with synchronization, we failed to detect teloof further culturing ( Figure 6C ). These observations sugmerase activity in whole-cell lysates using the convengested that the cells expressing either the DN-hTERT tional TRAP assay, confirming previously reported obor the hTERT-specific shRNA entered replicative senesservations (Kim et al., 1994; Bodnar et al., 1998; Hahn cence earlier than control cells. To confirm this hypotheet al., 1999a). In contrast, when we used the 2C4 mAb sis, we performed senescence-associated ␤-galactosito IP hTERT, we observed detectable telomerase activity dase (SA-␤-Gal) staining (Dimri et al., 1995) and in synchronized cells but identified only trace telodetermined that a significantly higher percentage of SAmerase activity in lysates from asynchronously dividing ␤4-Gal-positive cells were seen in fibroblast cultures cultures ( Figure 4E ). The level of this activity was signifiexpressing DN-hTERT or the hTERT-specific shRNA cantly lower than that observed in HeLa cancer cells.
than were observed in parallel cultures expressing a Together, these observations indicate that hTERT and control retrovirus ( Figures 6C and 6D ). These observaenzymatically active telomerase is expressed at low levtions indicated that inhibition of hTERT function in norels in normal human fibroblasts during each cell division.
mal human fibroblasts affects cell lifespan by accelerating entry into senescence.
Biological Functions of hTERT in Normal
Since it is widely believed that replicative senescence Human Fibroblasts is triggered by telomere attrition, we determined To address whether this transient expression of hTERT whether the expression of the DN-hTERT mutant or the in normal fibroblasts is physiologically significant, we hTERT-specific shRNA in normal human fibroblasts acdisrupted hTERT function by stably expressing either a celerated telomere shortening. Surprisingly, we failed to catalytically inactive hTERT mutant (DN-hTERT) that we detect significant differences in telomere length bepreviously demonstrated inhibits telomerase activity in tween fibroblasts expressing a control vector, the telomerase-expressing cancer cell lines (Hahn et al., DN-hTERT mutant, or an hTERT-specific shRNA at two 1999b) or the hTERT-specific shRNA (Figure 2 ). Exprespoints in their replicative lifespan ( Figure 7A ). Since this sion of either the DN-hTERT mutant or the hTERT-speassay was performed on genomic DNA isolated from cific shRNA in two types of normal human fibroblasts (BJ cells that had proliferated for the same number of PD and WI-38) completely inhibited the observed transient (2 PD and 18 PD after infection), we concluded that the telomerase activity ( Figure 5A ). In addition, we noted that rate of overall telomere shortening was not affected by cells expressing the DN-hTERT mutant or the hTERTthe expression of either the DN-hTERT mutant or the specific shRNA proliferated more slowly than parallel hTERT-specific shRNA in these normal human fibrocultures infected with a control retrovirus ( Figure 5B ).
blasts. When we synchronized these human fibroblasts and
We recently have found that the onset of replicative analyzed their progression through the cell cycle, we senescence in human cells correlates with loss of the noted that cells expressing the DN-hTERT mutant or the telomeric 3Ј single-stranded overhang (Stewart et al., hTERT-specific shRNA exhibited delayed entry into S 2003a). Since human fibroblasts expressing the phase and accumulated in the G2/M phases ( Figure  DN -hTERT mutant or the hTERT-specific shRNA demon-5C). We failed to detect evidence of cell death in such strated premature entry into a senescence-like state, cultures, and such cells continued to proliferate for many we speculated that the periodic expression of hTERT population doublings (PDs), albeit more slowly than conduring each S phase was necessary to maintain this 3Ј trol cells. These observations indicate that inhibition or telomeric overhang. For these experiments, we isolated suppression of telomerase expression or function afgenomic DNA from BJ fibroblast cell lines expressing fects the transit of normal human cells through the cell the DN-hTERT mutant or an hTERT-specific shRNA at cycle. several points in their replicative lifespan including the Moreover, upon extended culture, we found that while time just before the majority of these cells entered se-BJ fibroblasts infected at PD20 with a control vector nescence (2, 10, and 18 PD after infection). In addition, ceased proliferating after 32 additional PD (PD52 overwe also isolated genomic DNA from BJ cells expressing all), the cells expressing the DN-hTERT mutant stopped a control vector (2, 10, and 18 PD after infection) or dividing after only 22 PD (PD42 overall) and cells exfrom BJ cells expressing WT-hTERT (20 and 84 PD after pressing the hTERT-specific shRNA arrested after 18 PD infection), both of which exhibited exponential growth (PD38 overall, Figure 6A ). Similarly, another fibroblast at the time of DNA isolation. strain, WI-38, expressing a control vector stopped proUsing an assay specific for 3Ј telomeric overhangs liferating after 11 additional PD (PD38 overall) after (T-OLA, Figure . While the DN-hTERT mutant used in these studies may exhibit a gain-ofmere. These findings indicate that the regulation of hTERT and telomerase is a dynamic process even in normal hufunction phenotype, we observed nearly identical results when we used an hTERT-specific shRNA to silence man cells and suggest that active maintenance of the telomere is necessary for the proliferation of normal hTERT. Although a prior report noted that the expression of an antisense RNA complementary to hTERC failed to human cells.
Since we were unable to detect telomerase activity affect the short-term proliferation of a human fibroblast strain (Feng et al., 1995), our observations indicate that without using IP to concentrate telomerase, these findings explain why prior studies failed to identify telolong-term inhibition of telomerase function induces premature entry into senescence. The present observations merase expression in normal fibroblasts. Moreover, these observations unify prior reports that indicated that suggest that this telomeric 3Ј overhang is a central constituent of the telomeric cap (Blackburn, 2001) and that telomerase activity is expressed in other types of normal England BioLabs). For experiments using Exonuclease I, 10 g of After 8% SDS-PAGE and transfer to nitrocellulose, samples were freshly isolated, nondenatured genomic DNA at a concentration of probed with a 1:1000 dilution of the 2C4 mAb RT. Reactive bands 0.05 g/l was treated with 1 unit/l Exonuclease I at 37ЊC for 24 were identified using a 1:100,000 dilution of a peroxidase-conjuhr. 5 g of high molecular weight DNA, 2 l of 10ϫ Taq ligase buffer gated goat anti-mouse IgM (Pierce). The rabbit polyclonal antiserum (New England BioLabs), and 0.5 pmol of labeled oligonucleotide in that recognizes hTERT was the gift of T. Pandita (Washington Unia total reaction volume of 20 l were incubated at 50ЊC for 12-14 versity, St. Louis) and was used at a 1:2000 dilution. Anti-FLAG (M2, hr, 0.5 l of Taq ligase was then added, and the mixture incubated Sigma) and anti-HA (HA-11, Covance) mAbs were used as suggested for 5 hr at 50ЊC. Reaction products were analyzed on 5% acrylamide/ by the manufacturer. 6M urea-TBE gels. The genomic GAPDH locus was amplified with For IP, cells (1 ϫ 10 7 ) were lysed in 600 l of LBA, sonicated, and the primers 5Ј-AAAGGGCCCTGACAACTCTT-3Ј and 5Ј-GGTGGTCC precleared with 15 l of 50% slurry of Protein A Sepharose (PAS, AGGGGTCTTACT-3Ј. Amersham). The precleared cell lysate was first incubated with 50 l of the 2C4 mAb and 20 l of rabbit anti-mouse IgM (1:10; Pierce), followed by a second incubation with 30 l of 50% slurry of PAS Acknowledgments for 12 hr at 4ЊC. For IP using the anti-HA antibody, 600 l of precleared total cell lysate was incubated with 10 l of anti-HA ( 
